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Introduction
Acoustic techniques, particularly echo integration, are widely used to assess the biomass of fish stocks. The theory and methods are reviewed in MacLennan and Simmonds (1992) . A recent application is for deepwater commercial species such as orange roughy (Hoplostethus atlanticus), which is found in the mid-slope region at 700-1200 m depth around south-eastern Australia and New Zealand (Do and Coombs, 1989; Elliott and Kloser, 1993) and also in North Atlantic waters (ICES, 1993) .
Conversion of acoustic data into absolute biomass for a given species relies on knowing the target strength (TS). TS is a measure of the echo reflected from a single fish, which is in logarithmic form given as:
where is the acoustic cross-section of the target in units of m 2 and is defined in terms of the intensities of the incident and the backscattered waves.
The methods of measuring the TS of fish can be broadly divided into in situ and ex situ methods (Foote, 1991) . A common ex situ TS measurement is made on tethered dead fish by varying the acoustic cross-section with different angles of pitch and roll. Using this method, Do and Coombs (1989) reported a TS value 6 dB higher than results obtained from indirect multipletarget in situ measurements made from a combination of echo integration and accumulated catch records (Elliott and Kloser, 1993) . This uncertainty in the target strength needed to be addressed to obtain an absolute measure of orange roughy biomass: a 6 dB difference in TS translates to a four-fold difference in absolute biomass estimates.
The direct in situ method is reported to be the best for obtaining species' TS, using either dual or split-beam technology (Ehrenberg, 1983) . These methods compensate for the fish's position within the acoustic beam whilst the fish is in its natural environment. The in situ technique requires that the acoustic transducer be lowered close to the targets, so that single fish can be detected within the acoustic pulse resolution volume. For our studies in deep water, we developed a towed body split-beam acoustic system that could be towed or lowered vertically to 1000 m to obtain TS measurements.
Our in situ TS measurements of orange roughy were made on the St Helens seamount off north-eastern Tasmania, the largest known spawning aggregation in Australian waters. Orange roughy spawn annually in July around the seamount and obtaining in situ measurements would appear straightforward. However, orange roughy have a marked avoidance reaction to large objects, dispersing when they are 150 m from them (Koslow et al., 1995) . We were not sure, therefore, whether orange roughy TS could be effectively measured in situ. Furthermore, orange roughy, even when aggregated, occur in an assemblage of other demersal and pelagic mid-slope species. However, many of these co-occurring species do not have a similar avoidance reaction to lowered objects, which gave us a potential technique for distinguishing them from orange roughy (Koslow et al., 1995) .
Relating individual species or size ranges of fish to modes in TS histograms is the main problem in interpreting in situ data (MacLennan and Simmonds, 1992) . Comparison of TS histograms with the composition and size structure of fish catches from the area can provide information on the target strengths of the species present. Confidence in such TS values will be greater when the observed fish are homogeneous, or, if heterogeneous, the species present are of markedly different sizes or have different swimbladder types (MacLennan and Simmonds, 1992) so they can be unambiguously assigned to different TS modes.
The purpose of this study was to refine the TS estimate for the orange roughy, using in situ measurements. To interpret the in situ data, we used ex situ measurements on tethered individuals and theoretical modelling based on fish shape.
Materials and methods

In situ target strength
Acoustic sampling
The acoustic equipment on ''FRV Southern Surveyor'' consists of a scientific Simrad EK500 echo-sounder serving as a receiver to an EDO Western 38 kHz (6.5 degrees full angle) split-beam transducer rated to 1000 m, mounted in a towed body. A 60 mm diameter ( 33.6 dB) copper calibration sphere was used to plot and correct the beam pattern of the split-beam transducer to 0.5 dB. The split-beam algorithms in the Simrad EK500 were adjusted to ensure that the TS of the sphere was correct when moved up to 3 degrees off the centre of the beam. Further, the towed transducer was calibrated at depths from 100-1000 m to correct for depth-dependent changes in transducer sensitivity and to examine any change in beam pattern as described in Kloser (in press ). This was performed by suspending the calibration sphere 10 m under the towed body and lowering it through the water column. Table 1 shows the calibration and parameter settings of the Simrad EK500 for in situ TS measurements.
Two sampling methods were used to obtain in situ TS data from the split-beam towed transducer during an acoustic survey on St Helens seamount, eastern Tasmania, in July 1992. The first method was to tow the transducer at 2-3 knots over concentrations of fish, and record the change in target strength distribution before, during and after passing over the aggregations. The second method was to lower the transducer with the vessel stationary vertically over dense and sparse concentrations of fish that had been located by the vesselmounted 38 kHz transducer which was also linked to the EK500 echo-sounder. During a vertical drop the vessel drifted with the wind and covered a range of depths around the hill. Thirteen vertical drops around the seamount were made, these ranged from transducer depths of 550 to 900 m in bottom depths of 630 to 1050 m (Fig. 1) . During the vertical drop drifts, the transducer was positioned 100-150 m above the bottom to reduce the effect of avoidance. The target strength data, corrected for transducer depth, were logged on a personal computer. To summarise these data, histograms were produced for each vertical drop. To limit errors in the beam-compensation algorithm, only targets less than 2 degrees off axis were processed. The data were stored by 10 m depth intervals and then by 1 dB intervals. As only the dominant modes were required for our analysis, they did not change with the target densities and ranges we used. Hence, no compensation for thresholding of smaller targets or multiple targets accepted as single targets was required for this analysis. Errors associated with multiple targets accepted as single targets described by Soli et al. (1995) were avoided, where possible, by using a short pulse length (0.3 ms, which is equivalent to a vertical resolution of 22.5 cm) and by lowering the towed transducer towards targets so that they could be resolved as single targets.
Biological sampling
Biological samples were obtained from pelagic and demersal trawls that targeted fish concentrations which had been located acoustically (vessel-mounted transducer) . A large demersal trawl net was used to catch bottom fishes, while a pelagic trawl system, which sampled at specified depths, was used to collect mid-water samples. The demersal trawl net was an Engles High Lift with 180 mm mesh in the wings, gradually reducing to 100 mm in the body, and 90 mm in the codend. A 40 mm codend liner was used and the headline length was 35 m and height 4 m. Trawl time (actual fishing time) varied between 30 min on flat ground around the hills, to 5-15 min for target shots on marks. Vessel speed was around 3 knots but net speed was highly variable. During target shots the gear can be almost in free-fall (moving downwards at a steep angle). A large pelagic trawl was fitted with an opening/closing, five-net codend system based on the Multiple Plankton Sampler of Pearcy et al. (1977) . The cross-sectional area of the net mouth when fishing, as measured by hydroacoustic sensors, was about 105 m 2 . Mesh sizes in the trawl were 100 mm in the wings, 100 mm reducing to 20 mm in the body and 10 mm in the extension; codends were 7 mm. Tow duration was 60 min in predetermined strata beyond 650 m and 10-15 min in target shots. Trawling was at a speed of 2.5-3 knots. The system could take four samples from known depths per deployment. Accurate target trawling of fish concentrations was possible with Scanmar acoustic sensors to monitor the geometry and position of the fishing gear in the water column.
Demersal trawling was carried out down the sides and around the base of the seamount where orange roughy aggregate to spawn. Pelagic trawling took discrete samples from the layered marks visible around the seamount in the depth range where orange roughy are found. It was possible to fish the pelagic gear within 30 m of the seamount in depths between 700-1000 m. The volume of water filtered was calculated from the duration of fishing, vessel speed and net mouth-area (wingspread headline height as measured by Scanmar acoustic sensors).
The composition of each catch was identified to species where possible; the numbers and weights of all fishes, crustaceans and squid were recorded. A simple classification of swimbladder type was used to group the species for analysis: (1) gas-filled, (2) fat-invested, (3) spongy tissue gas-matrix, and (4) absent. The types were identified by dissection and with reference to Marshall (1960) . These categories were more practical than alternatives based on anatomical and physiological features, which are diverse in midwater fishes (Marshall, 1960) . Most fishes, including the dominant myctophids (Diaphus danae, Hygophum hanseni, Lampanytus australis and Lampichthys proceros) and the abundant morid H. johnsonii, have gas-filled swimbladders. Less numerous taxa in this category included species from the Anguilliformes (eels), Notocanthidae (spiny eels), Opisthoproctidae (barrel eyes), Photichthyidae (lighthouse fishes), Sternoptychidae (hatchet fishes), Moridae (morid cods), Macrouridae (rattails), Melamphaeidae (crustheads) and Oreosomatidae (oreos). The ''fatinvested'' swimbladder group comprised only orange roughy H. atlanticus. The macrourid C. subserrulatus swimbladder which has a gas-filled spongy tissue-matrix (of unknown composition) was the only species in category 3. The ''swimbladder absent'' group contained many species of crustaceans, including the abundant sergestid Sergia potens, but no abundant fishes; rare taxa in this group were from the Squalidae (dog sharks), Scyliorhinidae (cat sharks), Bathylagidae (deepsea smelts), Stomiiformes (dragon fishes), Alepocephalidae (slickheads), Lophiiformes (angler fishes) and Centrolophidae (trevallas).
The length (mm) and weight (g) were recorded for representative numbers (up to 200 individuals per trawl) of all abundant species. Standard length was measured because the fragile caudal fins of most species were damaged during capture. Whiptails, which have a long, tapered, strap-like tail were measured as total length. Conversion from standard length to total length for the mid-water fishes used a ratio of 1.1. Sample numbers and weights were standardised as catch rates per 1000 m 3 . The length and weight data were pooled for all taxa within each swimbladder type category. Mean population weights for each category were calculated as total weight/total numbers. Length-frequency data, standardised by the volume of water filtered, were rounded up to 1 cm length intervals, pooled within swimbladder categories and stratified by depth.
Ex situ target strength
Tethered orange roughy Orange roughy have a swimbladder filled with wax ester (Sargent et al., 1983) . Thus, dead specimens brought to shallow depths should not show any change in swimbladder size or shape (Do and Coombs, 1989) . Dead individual orange roughy were suspended in a frame 6 m below the 38 kHz split-beam towed-body transducer positioned at the surface (Fig. 2) . The frame was built with plastic tubing and suspended with nylon lines to minimise the echo from the support apparatus. The background reverberation from the frame was equivalent to a target strength of 65 dB and did not influence the fish measurements. Five frozen, then thawed, orange roughy ranging in standard length from 21 cm to 48 cm were tested. The specimens were dipped in detergent to reduce bubble adhesion, and care was taken to expel gas in the cavities when the fish were lowered into the water. The linear mean TS of each fish in the on-axis position was obtained from greater than 200 target strength values just after immersion and again up to 10 h later.
Results
In situ target strength results
Biological sampling
The distribution of trawl effort and catch data is summarised in Table 2 . The pelagic trawls caught mostly mesopelagic taxa, with myctophids and sergestid prawns the most numerous animals (Table 3) . Demersal trawls caught mainly bottom dwelling fishes and, whilst fewer taxa were represented, catch rates, numbers and weights were greater. The most common benthopelagic fishes, notably the morid H. johnsonii and the macrourid C. subserrulatus, were taken consistently by both gears. Probably due to their sensitivity to disturbance, orange roughy are not taken by pelagic trawling (scientific or commercial fishing) (Koslow et al., 1995) effectively ''herded'' and caught on the bottom by demersal gear. Plots of fish-length frequencies from pelagic ( Fig. 3 ) and demersal catches (Fig. 4) over the St Helens seamount showed distinct modes. In pelagic trawls, small fish with gas-filled swimbladders were most abundant; they form modes around 5.3 and 8.2 cm. Hygophum hanseni, D. danae and juvenile L. australis were most numerous in the shorter-length mode, L. australis and L. proceros in the longer-length mode. A variety of small crustaceans formed modes at lengths <10 cm. In both demersal and pelagic trawls, C. subserrulatus formed a mode around 32-34 cm, while the other dominant fish H. johnsonii had a wide range of modes. Orange roughy was caught only in the demersal trawls; its mean standard length was 36 cm.
Acoustic sampling
In situ TS data were obtained from vertical drops of varied duration (10 min to 70 min) depending on the rate of vessel drift. Between 2200 and 22 062 target strength values were obtained per drop. The mean dominant modes in the data, identified by visual inspection of the histograms from each vertical drop, were at 31, 44, 50 and 55 dB with a maximum mode scatter between drops of 2 dB. Figure 5 is an example of the target strength data for one vertical drop. The avoidance behaviour of orange roughy in schools make it difficult to obtain in situ TS data, as the schools reacted to the towed transducer when it was less than 150 m away by schooling tightly. The density of the schools was too great to detect single targets at ranges greater than 150 m. Other species on the seamount appeared to be undisturbed by the towed transducer, and in situ TS values of these species were easily obtained.
Away from orange roughy schools, two dominant modes in the in situ TS data at approximately 55 and 50 dB were consistently observed between 600 m to 1000 m depth. These modes were associated with deep mesopelagic assemblages dominated by myctophids with gas-filled swimbladders. Myctophids caught in similar depths (650 to 900 m) also had two distinct standard length modes of 5.3 and 8.2 cm. A small mode in the in situ data at 43 to 44 dB is presumed to be the abundant macrourid C. subserrulatus. It was also caught from 650-900 m depth, has a mean length of 33 cm and has a gas-filled spongy tissue matrix swimbladder. Another small mode was found at 31 dB, mostly in deeper water. This large target is presumed to be the deep-living benthopelagic morid H. johnsonii, which has a gas-filled swimbladder.
To isolate orange roughy targets, TS data in and around schools observed to be displaying an avoidance reaction was compared with data from diffused single fish above the school. TS data were used from vertical drops and from towing the split-beam transducer over the schools. Examples of echograms with an associated histogram of TS data in and out of the schools are shown in Figures 6 and 7. In Figure 6 very little TS data were obtained in the schools: 26 for region S1 and 21 for region S2, primarily due to the density of the schools. Outside the school (in region O1) a large number of targets are resolved (793) with dominant modes at around 55 and 50 dB. The within school targets generally have higher values, and due to the density of fish observed they may be multiple targets. A medium density fish concentration of suspected orange roughy and myctophids is shown in Figure 6 . Close to the transducer a large number of targets (1441) are resolved with a dominant mode at approximately 50 dB. Near the bottom where the chance of finding orange roughy is higher, only 50 targets are resolved in region S1. These targets have modes at 55, 50 and 30 dB. The lower value modes are interpreted to be composed of a mixture of myctophids and orange roughy.
Ex situ result
Tethered target strength
The results of target strength measurements of tethered orange roughy yielded an on-axis TS for a 35 cm fish of 44.4 dB. The measurement was very sensitive to the time the orange roughy was immersed in the water: the just-immersed fish had a TS 5-8 dB higher than a fish left for 10 h. This difference was probably due to the progressive loss of gas bubbles trapped in the fish's cavernous head. Accordingly, we have little confidence in this technique. To overcome the problem of bubble entrapment, we suspended a recently caught (less than 8 hours old and kept chilled) 35 cm standard length orange roughy and a calibration sphere under the towed body and lowered it to a depth of 750 m, which would compress and then dissolve the small gas bubbles. The TS of the orange roughy at 700 m was 53 dB, and the mean values ranged from 50.1 to 53.5 dB for depths between 200-750 m. The precise pitch/roll position of the orange roughy was not monitored, but the fish was rigidly fastened in an on-axis position. 
Discussion
We were able to associate modes of in situ TS data to components of the fish assemblage. This was based on swimbladder characteristics and modes in lengthfrequency distributions. These associations are compared below to published in situ and ex situ target strength data from similar species.
The expected TS of myctophids was compared with in situ measurements of physoclists (fishes possessing a closed swimbladder) (Foote, 1987) of similar shape. The relationship of TS to total length for physoclists is TS=20 log (length) 67.5 where the length of the fish is in cm, and the standard error around the TS is 2.3 dB. When applied to our length-frequency data this relationship yields 52.2 and 48.4 dB for the 5.8 and . Typical example of in situ TS measurements inside and outside a dense orange roughy school. The towed body is being lowered gradually into the school of orange roughy causing the school to disperse. The towed body distance to the top of the school was around 100 metres when the avoidance reaction began. ---S1 in school, no. of targets 26; · · · · S2 in school, no. of targets 21; --O1 out of school, no. of targets 793.
9.0 cm total length myctophids which correspond to our two major modes of TS at approximately 55 and 50 dB. This lower than expected target strength for our myctophid fishes is probably due to their smaller swim bladders when compared to shelf-dwelling (epipelagic) species. Swimbladders of epipelagic fishes are generally 5% of the volume of the fish, the swimbladders of mesopelagic fish (dominated by myctophids) generally lie between 1-4% of body volume (Marshall, 1979, p. 327) .
A small mode in the in situ data at 43 to 44 dB was attributed to orange roughy in initial stock assessments, since it was close to the reported values of Elliott and Kloser (1993) . However, we now attribute it to the whiptail C. subserrulatus, a smaller but more reflective fish with a spongy gas-matrix swimbladder. The body is Figure 7 . An example of in situ TS measurements inside and outside a medium density concentration of fish thought to be orange roughy and myctophids. · · · · S1 in school, # of targets 50; --O1 out of school, # of targets 1441.
long and thin and similar to that of blue grenadier (Macruronus novaezelandie). Using the model for blue grenadier TS from Do and Surti (1990) (TS=20 log (length) 72.7 where the length is the total length of the fish in centimetres), the estimated TS of a whiptail, of mean length 33 cm, is 42.3 dB; this is very close to the in situ mode at 43 to 44 dB.
The mode at 31 dB was attributed to the physoclistous H. johnsonii which possesses a large swimbladder. Its dominant length mode is at 50 cm. Applying the physoclist relationship to this species yields a target strength of 33.5 dB, which is 0.2 dB outside the standard error of the relationship.
No obvious mode in the in situ TS data coincided with the ex situ measurement of 36 dB recorded for 35 cm, standard length, tethered orange roughy by Do and Coombs (1989) . If the in situ target strength of orange roughy was of the order of 36 dB, the detection range for a single fish would be much greater than the avoidance response range of 150 m. Measurements of target strength for orange roughy in a dispersed phase should then be easy to obtain. The lack of such measurements casts doubt on the high TS values estimated by Do and Coombs (1989) and Elliott and Kloser (1993) . In the former case this may be explained by the fish, tethered in shallow water, being contaminated with gas bubbles. Our measurements for a fish lowered to 750 m depth indicate that the target strength for an on-axis 35 cm orange roughy could be as low as 53 dB.
To determine the expected value for orange roughy TS, extrapolation by weight of in situ data from other fish that do not have gas-filled swimbladders, such as Atlantic mackerel (Scomber scombrus), has been investigated by MacLennan and Simmonds (1992) . Applying this principle here, the quantity 10 log (Ow/Mw) is added to the TS of the mackerel. Here Ow (1.5 kg) is the mean weight of a 35 cm orange roughy and Mw (287 g, 244 g) is the mean weight of a mackerel with a TS of 54.6 and 59.0 dB respectively. This predicts the TS of orange roughy to be in the range of 47.4 to 51.1 dB. A classical ellipsoid model (Haslett, 1970) was also used to examine the possible target strength of orange roughy in dorsal aspect. The model incorporated the principle body shape parameters of a standard length 35 cm fish:
where L is standard length, B is maximum breadth, and H is maximum height of the body, all in metres, and R is the impedance ratio of fish flesh and the water surrounding it. For a 35 cm standard length orange roughy, L=0.35 m, B=0.045 m, and H=0.144 m. No measures of R were available for orange roughy, but for demersal fish R ranges from 0.023 to 0.045 (Shibata, 1970) . This yielded an on-axis TS range of 47.2 to 53 dB. This result should be treated with caution since the model does not incorporate the different reflective parts of the fish, such as the ossified head, or different pitch and roll angles, as well as being based on only a likely range of flesh impedance ratios. Actual measurement of the flesh impedance of orange roughy would need to take account of the high level of lipid (18% of body weight), mostly wax esters, in orange roughy flesh (V u leig, 1983) . The sound scattering properties of wax esters are highly sensitive to pressure and temperature changes (Yayanos et al., 1978) .
Overall, the range of TS estimates for orange roughy from various methods is 36 to 53 dB (Fig. 8) . The ex situ methods of estimating orange roughy TS give a minimum value of 53 dB, which overlaps the in situ TS values for large (8.2 cm standard length) myctophids and orange roughy. The in situ TS of dispersed orange roughy may be masked by the TS of these large myctophids. Examination of the in situ data in and around the orange roughy schools that exhibited an avoidance reaction gave similar modes at 50 dB. Based on our observations, it appears that the TS of orange roughy is in the range of in situ TS values 48 to 52 dB. It should be possible to separate two species that have the same TS but different size and swimbladder characteristics by the standard deviations of tracked single fish (E. Ona, Institute of Marine Research, Bergen, Norway, pers. comm.). A small fish with a gas-filled swimbladder and a large fish without a gas-filled swimbladder may have different backscattering directivity patterns. Tracking single fish over a large range of pitch and roll angles and observing the standard deviation of the TS should enable separation of different species. The echotraces of individual fish recorded from the vertical drop data were analysed in this way. A fish was analysed if it was tracked for three or more pings. The mean TS and standard deviation were computed with a software program developed by Ona and Hansen (1991) . A plot of the mean TS vs. standard deviation did not show any distinguishable groups of targets in the 45 to 55 dB range. However, this analysis is not conclusive, as the echo sounder had a narrow beam (6.5 degrees) and the data were collected over a small range of pitch/roll angles for the towed body. An alternative would be to try multi-frequency methods: the different backscattering responses at several frequencies could help in differentiating between myctophids and orange roughy, and in identifying both individual fish and fish schools.
Because the TS of orange roughy is lower than that of fish with a gas-filled swimbladder, acoustic assessment of orange roughy biomass is highly sensitive to error when species are mixed. Standardised to a mean orange roughy TS of 50 dB, an 8.2 cm myctophid is equivalent to 1 orange roughy, a 33 cm macrourid to 4 orange roughy, and a 50 cm morid cod to 79 orange roughy. However, accurate assessment of species composition is complicated by the orange roughy's avoidance reaction. This fish is not caught in pelagic trawls, although echograms indicate that orange roughy aggregations extend 150 m above the bottom. It is suggested that orange roughy are herded by the gear of demersal trawls and therefore presumably are over-represented in such trawl samples. Error in defining species composition, unlike error in estimating TS, may affect the use of acoustic surveys as a relative index, as well as its use as an absolute measure of stock biomass. As a result, unless the species composition can be defined with reasonable confidence, acoustics should be used with caution in stock assessment of orange roughy. 
Tethered deep
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In situ range associated with orange roughy Figure 8 . Summary of all methods for determining orange roughy TS standardised to a 35 cm standard length fish.
